In this paper, we present the morphological characteristics of the seed and micromorphological, anatomical and chemical characteristics of the seed coat of pea (Pisum sativum L.) genotypes, Jezero, Javor and NS Junior. Our aim was to investigate whether these genotypes can be differentiated based on seed coat morphoanatomical characteristics, depending on the harvest treatment. The observations and measurements of seed coat cross-sections were performed using light microscopy. The seed coat surface was observed using SEM. A tuberculate seed coat surface characterized all examined pea genotypes, and the average diameter of the tubercle was about 12 µm. Statistical and laboratory analyses revealed that major damage was the most frequent defect type as the result of mechanized harvest in all the examined genotypes. Genotype NS Junior had the shortest seed length (6.1 mm). Micromorphological analysis revealed that the seed surface was tuberculate in all genotypes. The genotype Jezero had the highest number of tubercle ribs (11.0) and a significantly higher proportion of parenchyma tissue (50.6%), while NS Junior was characterized by the greatest share of macrosclereids (49.8%). The highest number of osteosclereids (832/mm2) was counted in genotype Javor. In addition, genotype NS Junior stands out due to the highest percentage of crude fiber (62.75 g/100g) in the seed coat. There was a marked difference among the studied genotypes with regard to the seed coat morphoanatomical characteristics, which is confirmed by the results of multivariate discriminant analysis (MDA). These results suggested that the morphological, micromorphological and anatomical characteristics of the seed might have an impact on the seed coat damage level at harvest. 
IntRoduCtIon
The seed coat protects the embryo from mechanical injuries and facilitates regulation of the exchange of gases between the embryo and the environment, as well as imbibition. Different seed regions are characterized by varying seed coat thickness and absorb water and other substances differently. Seed coat permeability is also associated with its porosity and color, which affect seed viability and potential, as well as resistance to storage and fungal infections [1, 2] . Consequently, the seed coat is a major modulator of embryonic response to ecological environmental conditions. Moreover, its characteristics are closely related to the temporal and spatial dispersion of seed germination in many plants.
Time of germination is one of the key parameters in both natural and agroecosystems and is a major factor in yield determination [3] . The germination process is affected by numerous environmental factors, such as humidity, temperature, light and chemical factors. Come and Semadeni [4] concluded that seed coat permeability, and therefore seed germination, is affected by the seed coat color and the concentration of phenolic compounds. According to Bewley et al. [5] , germination is the process of embryo growth related to the seed coat characteristics. The seed coat affects the seed growth rate and thus its final size [6] . The seed response to certain environmental conditions could be better understood by analyzing the characteristics of the seed coat. Rapid growth of cotyledons, which is often not aligned with the growth of the seed coat, is one of the most common causes of seed damage. This misalignment causes cracks, even during seed maturation, and thus reduces seed quality [7] . In an earlier study of Gillikin and Graham [8] it was found that seed coat susceptibility to mechanical damage is closely associated with its lignin content as a high content of the lignin polymer in the seed coat contributes to its increased strength and impermeability. However, increased lignin concentration in soybean seed coat is negatively correlated with seed coat permeability and positively correlated with resistance to mechanical damage [9] [10] [11] [12] . Understanding seed coat characteristics is of fundamental importance for the development and improvement of seed production and handling, and could eventually lead to greater seed quality, thereby increasing agricultural production system efficiency. Seed coat features and functions have been the subject of many studies, each reflecting a specific interest, depending on the issues affecting particular species [1, [13] [14] [15] [16] [17] . Karagić et al. [18] suggested that the occurrence of seed coat damage in different pea genotypes developed at the Institute of Field and Vegetable Crops in Novi Sad, depended on harvest treatment and genotype. The highest percentage of seeds with damaged seed coats occurred in the genotype with the largest seeds. The damage affects not only the physical seed quality but also seed germination.
The aim of this study was to determine if significant genotypic variability in morphological and micromorphological seed parameters, as well as anatomical seed coat parameters, exists in the seeds of different pea genotypes, and if it could be related to the types of seed coat damage observed following manual and mechanized pea harvesting.
MAteRIALS And MethodS

Plant material and environment data
In this study, we analyzed three pea genotypes: NS Junior, Javor and Jezero ( 
Morphological and micromorphological analysis
Fifty randomly selected seeds per genotype, treatment and year were selected. Morphological parameters (seed length and width (mm)) were measured using digital calipers. The seed index was calculated as the seed length to width ratio. Using a Leica MZ16 stereomicroscope, seed coat damage on the dorsal, ventral and lateral sides of the extrahilar zone was observed and recorded. Based on size and shape, incidences of damage were divided into three groups: (i) major damage (MD), (ii) large cracks (LC), and (iii) small cracks (SC) (Fig. 1 A-C) . Changes in the seed coat color >2 mm with clear contours were marked as "major damage", cracks in the seed coat from 1-2 mm in length were marked as "large cracks", and cracks <1 mm were denoted as "small cracks".
Anatomical analysis
Ten randomly selected seeds per genotype and treatment were used for anatomical analysis. Parts of the seed coat located laterally from the hilum were separated and sections were created using a Leica CM 1850 cryostat at a temperature of -25°C. Partly macerated seed coat, obtained by heating in 30% KOH for 15 min, was used for the determination of the number of the osteosclereids/mm 2 , osteosclereid size and the number of macrosclereids/mm 2 on the seed coat surface. Light microscopy was used for the analysis and measurement of seed coat cross-sections, using the Im- 
Chemical analysis
Chemical analysis of the seed coat included determination of the concentrations of pectin, pectic acid and propectin, as well as crude seed coat fibers. For this analysis, 2 g of whole seed coat per genotype were used. Dry seed coat was easily separated from the endosperm by hand. Fractions of pectin were determined colorimetrically by the carbazole method, while crude fibers were designated as crude cellulose by the Kirchner-Ganak method [19, 20] as described below.
Fractions of pectic substances
Pectic substances were first precipitated as follows: 0.7-1 g of sample (seed coat) was transferred to a centrifuge cuvette that was filled with 95% ethanol solution (heated up to 75°C) to a volume of 40 mL. The mixture was mixed for 10 min in a water bath at 85°C. The volume was then filled to 50 mL. The cuvette was centrifuged at 3000 rpm for 15 min and the supernatant was rejected. The sediment was treated with 50 mL of 63% ethanol and mixed in a water bath at 85°C for 10 min. After 10 min, the cuvette was centrifuged at 3000 rpm for 15 min. The supernatant was discarded and the sediment used for fractional dissolution of pectic substances.
extraction of pectin
Five mL of distilled water were added to the sediment obtained in the previous step and the content was mixed. A cuvette was filled up to 40 mL with distilled water and mixed for 10 min. The cuvette was centrifuged at 3000 rpm for 15 min. The supernatant was decanted into a 100-mL flask. Extraction with water was repeated and the supernatant was added to the same flask. Five mL of 1mol/L sodium hydroxide was added to the flask and the flask was filled with distilled water. The sediment was used for the next step.
extraction of pectic acid
The sediment was treated with 5 mL of 0.75% ammonium oxalate solution and the content was mixed. The cuvette was filled up to 40 mL with the same solution and mixed for 10 min. The cuvette was centrifuged at 3000 rpm for 15 min. The supernatant was decanted to a 100-mL flask and the procedure was repeated once. Supernatant was again added to the flask. Five mL of 1 mol/L sodium hydroxide was added to the flask, and flask was filled with 0.75% ammonium oxalate solution.
extraction of protopectin
The remaining sediment from the previous step was transferred to a 100-mL flask using distilled water. Five mL of 1 mol/L of sodium-hydroxide was added to the flask. The flask was filled with distilled water and shaken for 15 min. The content was filtered and used for colorimetric determination.
Colorimetric determination of pectic substances
One mL of each extract was pipetted into two cuvettes. To one cuvette, 0.5 mL of 0.1% alcoholic carbazole solution was added. To the second cuvette (blank probe) 0.5 mL of purified alcohol was added. Six mL of concentrated sulfuric acid was added to both cuvettes. The cuvettes were heated in a water bath (85°C) for 5 min.
Absorbance was measured at 525 nm. Standard solutions of galacturonic acid were prepared the same way for calibration. The content of pectic substances fractions was expressed as equivalents of galacturonic acid.
Crude fibers
The sample (0.2 g) was transferred to a flask and 45 mL of 80% acetic acid and 4.5 mL of nitric acid were added. The mixture was heated with a reversible condenser for 25 min. Hot liquid was filtered through a dried and weighed glass filter, and dried to a constant mass at 105°C. Crude fibers were expressed as g/100 g of sample. 
Statistical analysis
The obtained results were statistically processed using Statistica for Windows version 10 (2011). To determine whether differences among the studied parameters of the analyzed genotypes were statistically significant, one-way ANOVA was applied, followed by Duncan's post hoc test for a significance level of p≤0.05 [21] . To test the hypothesis that the analyzed sample comprised morphologically distinct groups, discriminant component analysis (DCA) was applied.
ReSuLtS
Macroscopic observation of the seeds revealed the presence of damage on the seed coat of all three genotypes, irrespective of the harvest type. Differences were recorded in both damage and crack distribution and size (Fig. 1, Table 2 ). The lowest number of defects in the form of cracks (large and small) for all genotypes was present on the dorsal side of seeds. Most of the major damage was found on the lateral side of seeds, with significant genotypic differences. Major damage was the most frequent defect type in all genotypes, regardless of the part of the seed coat. Mechanical harvesting resulted in the significantly greater prevalence of major damage in the genotype Javor (20.83), compared to Jezero (12.67) and NS Junior (6.50) ( Table 2 ). The incidence of all types of seed coat damage was very variable in all examined genotypes and treatments, resulting in extremely high values of coefficient of variation ( Table 2 ).
The DCA results showed that the separation of seeds harvested using different harvesting methods, based on the analyzed components, was not possible in genotype NS Junior (Table 3 ). The first discri- minant axis, which contributed 41.18% to the total discrimination, clearly separated genotype NS Junior (M and H) from the two other analyzed genotypes. Specific quantitative characters that contributed the most to discrimination among the genotypes along the first axis were the number of ventral LC, dorsal MD and lateral-right MD and LC. The second discriminant axis, which contributed 30.75% to the total discrimination, clearly separated the Jezero (M) and Javor (M) genotypes. The second discriminant axis was defined by the number of ventral SC, dorsal MD and lateral-left SC. On the third axis, with a much lower contribution to the total discrimination, the number of lateral-right MC stood out, whereas the number of ventral MD was allocated to the fourth discriminant axis (Fig. 2 , Table 3 ).
The three examined genotypes significantly differed in seed length ( Table 4 ). The seeds of genotype NS Junior were characterized by spherical shape and a significantly shorter length (6.1 mm). A low variability in the seed morphological characters was indicated by the low values of the coefficients of variation.
Micromorphological analysis revealed that the seed surface was tuberculate in all genotypes (Fig.  3 A, B, C) . Evenly and densely distributed tubercles, measured laterally from the hilum, were on average 13.5 µm in diameter. Each tubercle had 6 to 15 ribs, depending on its location. Statistically significant differences among the genotypes were observed in the number of tubercle ribs, and the genotype Jezero was characterized by the highest values (11.0) compared to the other two genotypes (Table 4) A significantly thinner seed coat was noted in NS Junior (127 µm), while that measured in genotypes Javor and Jezero did not differ significantly (153 µm and 161 µm, respectively). In all analyzed genotypes, the macrosclereids were arranged in a single layer, except in the region of the hilum where two layers were present (Fig. 4 A, B) . Statistically significant differences among genotypes in percentage share of macrosclereids were recorded (Table 4) . NS Junior was had the greatest share of macrosclereids (49.8%) in the total seed coat thickness. Genotype Jezero had the smallest share of macrosclereids (35.1%) in the total seed coat thickness, as well as the greatest number of macrosclereids per mm 2 (4737) of the seed coat surface. A significant difference among genotypes was found with respect to the number and dimensions of the individual osteosclereid cells. Genotype Javor stood out due to a significantly high number of osteosclereids per seed coat unit area (832/mm 2 ) and their large dimensions (Table 4 ). The osteosclereid size and osteosclereid layer thickness were very variable, as evidenced by the high values of the coefficients of variation. The seed coat parenchyma was comprised of the greatest number of layers of densely packed cells of irregular shape (Fig. 4 C) . A significantly higher proportion of parenchyma tissue was observed in genotype Jezero (50.6%) relative to NS Junior (39.4%) and Javor (41.6%), which could not be distinguished based on this character (Table 4) . Discriminant analysis of the main components revealed that the studied genotypes could be significantly differentiated based on morphological and anatomical seed characteristics (Fig. 5, Table 5 ). The characters that contributed most to discrimination among the genotypes and defined the first two discriminant axes were seed length and width, seed index, seed coat thickness and percentage of macrosclereid layer thickness. Moreover, the first discriminant axis was identified by the number of tubercle ribs and the number of osteosclereids/mm 2 and contributed to the separation by a remarkable 66.1%. Based on the characters of the first discriminant axis, genotype Jezero was separated from the other two genotypes. The second discriminant axis, in addition to the aforementioned characters, was also defined by tubercle diameter, number of macrosclereids/mm 2 , as well as percentage of osteosclereid layer and parenchyma thickness. Genotypes Javor and NS Junior were separated by the characters located on the second discriminant axis.
The seed coat chemical analysis of pectin, pectic acid and protopectin (g/100 g) revealed no significant differences in the seed coat chemical structure of the three studied genotypes. The highest content of crude fiber (62.75 g/100 g) was found in the genotype NS Junior (Table 6 ).
dISCuSSIon
The results of discriminant analysis pointed to genotypic specificity in the micromorphological and histological characteristics of pea seed coat, based on which the three studied genotypes could be clearly separated into distinct groups. The effect of mechanical damage to the seed coat due to different harvest treatments (manual/mechanized harvest at 500, 650 and 800 r/ min) on the most important parameters of seed quality (germination energy, germination, development of atypical plants and seed weight), was investigated by Karagić et al. [18] . The authors reported that the proportion of damaged pea seeds was significantly different, depending on the genotype. This finding was subsequently confirmed by the examination of surface damage of pea seeds, observed by stereomicroscope, which was visible in all genotypes, irrespective of the harvesting method. NS Junior, the genotype with the thinnest seed coat, exhibited the lowest susceptibility to damage. In Javor and Jezero, a greater impact of harvest treatment to seed coat damage was recorded. The greatest number of defects in the form of small or large cracks was observed in the genotype Javor. According to Karagić et al. [18] , the genotype NS Junior is characterized by the lowest seed weight. These results are consistent with those reported in other studies, where seeds with damaged seed coats had a significantly higher length and width, as well as seed surface, compared to seeds with intact seed coats [22, 23] . In the case of large-grained genotypes, damage was reported to occur on seed coats even before harvest, during the period of seed filling [24] .
It is believed that seed coat damage in the case of plants with large seeds (as is the case with Javor) is a result of the loss of seed coat elasticity, arising due to the earlier maturation of the seed coats, i.e., uneven development of the cotyledons and the seed coat [25] . During the 2008/2009 growing season, when the material for this study was sampled, seed viability of the same pea genotypes was examined. By applying different tests, Karagić et al. [18] concluded that Javor had the lowest germination percentage, which was the highest in Jezero, in all modes of testing. These results are in concordance with those obtained by our morphological analysis of seed coat damage. The highest degree of seed coat damage was found in Javor, irrespective of the harvesting method.
The anatomical features of macrosclereids and the presence of cuticle and wax on the surface of these cells, affect the ornamentation of seed coats, as well as the imbibition process [2, 17, 26, 27] . In NS Junior, the highest percentage of macrosclereid thickness and maximum percentage share of crude fiber in the seed coat were recorded. This can be correlated with the smallest number of defects recorded in the same geno- 5 . Position of centroids in the space delimited by the first and second discriminant axis based on the seed coat characters of the studied pea genotypes. Characters located on the first discriminant axis separated the genotype Jezero from the other two genotypes, while characters that defined the second discriminant axis separated the genotypes Javor and NS Junior.
type. This assumption was confirmed by the results of the discriminant and correspondent analysis.
The subepidermal cell layer is comprises of osteosclereids, with clearly visible intercellular spaces, which are involved in the exchange of gases between the seed and the external environment [28, 29] . The hypodermis development varies with the genotype. The presence of the highest number of the largest osteosclereids/mm 2 and of the smallest number of macrosclereids/mm 2 in Javor could be related to seed coat damage in this genotype. Wolf and Baker [30] reported that irregular cracks in soybean seed coats led to the separation of epidermal and hypodermal cells, thus revealing the parenchyma tissue located beneath. Although parenchyma cells are not associated with the seed imbibition process, in clover seed coats, elevated callose content in this layer was observed. This phenomenon may be associated with lower impermeability [31] . Results reported by Duke et al. [22] indicated that seed coat damage directly affects the cotyledon tissue located beneath. These results were also confirmed by SEM of soybean coat, which revealed differences in the cotyledon texture in places with and without damage. Examination of mature seeds also revealed that the damage to the surface layers mainly affected seed coat, cuticle, macrosclereid and osteosclereid cells [32] . The macrosclereid cuticle is considered the key determinant of seed coat permeability [33] .
Mechanical damage to pea seeds is determined by the genotypic variability of histological characteristics of seed coats that directly affect seed quality parameters. The position of the damage on the seed coats could be linked to the seed coat structural and physiological characteristics. These results suggested that the morphological, micromorphological and anatomical characteristics of the seed might have an impact on the seed coat damage level at harvest.
In addition to the basic knowledge about seed coat structure, tracking changes that occur in the chemical composition of macrosclereids and osteosclereids during seed filling would be important for understanding the occurrence of damage on the coats of mature seeds.
